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Abstract
Frozen reservoirs are unique with the extra element of ice residing in them along 
with the conventional components of a reservoir. The sub-zero temperatures of these 
reservoirs make them complicated to explore.
This study investigates reduction in relative permeability to oil with decrease in 
temperature and proposes a best-production technique for reservoirs occurring in sub zero 
conditions.
Core flood experiments were performed on two clean Berea sandstone cores 
under permafrost conditions to determine the sensitivity o f the relative permeability to oil 
(kro) over a temperature range of 23°C to -10°C and for connate water salinities ranging 
from 0 to 6467 ppm. Both cores showed maximum reduction in relative permeability to 
oil when saturated with deionized water; they showed minimum reduction when saturated 
with 6467 ppm of saline water.
Theoretically, the radius of ice formed in the center of the pore can be determined 
using the Kozeny-Carman Equation by assuming the pores and pore throats as a cube 
with ‘N ’ identical parallel pipes embedded in it. With obtained values of kro as input to 
the Kozeny-Carman Equation at -10°C, the radius of ice dropped from 0.145 pm to 0.069 
pm when flooding-water salinity is increased to 6467 ppm. This analysis quantifies the 
reductions in relative permeability solely due to different formation salinities. Other 
parameters like fluid saturations and pore structure effects also are discussed.
Fluids like deionized water, saline water, and antifreeze (a mixture of 60% 
ethylene or propylene glycol with 40% water) were tested to find the best flooding agent 
for frozen reservoirs. At 0°C, 9% greater recovery was observed with antifreeze than with 
saline water. Antifreeze showed 48% recovery even at -10°C, at which temperature the 
rest of the fluids failed to increase production.
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Chapter 1 Introduction
Conventional and unconventional oil are distinguished by measure of API gravity. 
The transition between conventional and unconventional oil occurs in the range of 10-22° 
API gravity (Figure 1). To date, oil and natural gas industries have focused on producing 
conventional oil from conventional reservoirs, which are explored using traditional 
drilling techniques adopted by oil companies. Oil from these reservoirs is recovered 
either by primary or secondary extraction techniques.
1
Figure 1: Differentiating conventional oil versus unconventional oil (ww w.ajm pc.com )
Traditional oil recovery methods from conventional reservoirs are the cheapest, 
easiest kind of exploration, but conventional oil resources are declining at a rapid rate. 
The demand for oil in the next few years will overtake the supply of conventional oil 
(Figure 2). In order to meet projected future demands of society, unconventional 
resources will need to be tapped. In the next few decades, oil and gas industries are
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expected to shift from producing primarily from conventional reservoirs to developing 
unconventional reservoirs. Indeed, most of the proven oil reserves in the world are found 
in unconventional sources (Figure 3).
Figure 2: Oil dem and and supply forecast (US Energy Inform ation Adm inistration, 2005)
Total World Oil Reserves
Figure 3: Total world oil reserves (Alboudwarej, 2006)
31.1 Conventional oils in unconventional reservoirs
There exist a difference between conventional oils and conventional reservoirs. 
Conventional and unconventional oils are distinguished by measure of its API gravity. 
Light oil (>31° API) is considered as conventional oil (Figure 1). Bitumen (< 10° API) 
and immature oils are considered as unconventional oils (Figure 1).
An oil reservoir is typically labeled unconventional when its holdings cannot be 
recovered using conventional extraction methods. Conventional and unconventional oils 
may reside in either of the conventional and unconventional reservoirs. The oils and 
reservoirs are defined in Figure 4.
• Conventional oil in conventional reservoirs: The top right quadrant of Figure 4 
(green) has been the target of exploration for more than a hundred years and is 
likely includes the easiest and cheapest ways of exploration
• Unconventional oil in conventional reservoirs: The bottom right quadrant of 
Figure 4 (orange) includes heavy oil and bitumen that require special methods to 
extract. These oils are more viscous, with low-API gravity and contain heavier 
components. They are also not as sweet as light oil. They are recovered with 
enhanced recovery techniques. Typically, they also require extensive refining 
(Kovarik, 2010).
• Unconventional oil in unconventional reservoirs: The bottom left quadrant of 
Figure 4 (red) would include the oil shales, which require extensive processing 
like in-situ heating and ex-situ processing through mining.
• Conventional oil in unconventional reservoirs: Frozen reservoirs fall into the 
upper left quadrant of Figure 4 (yellow). These resources typically need special 
treatment in both drilling and production techniques because of low temperature 
conditions.
Frozen reservoirs are conventional oils in an unconventional reservoir. The 
presence of ice along with the other three components (oil, gas, and water) makes frozen 
reservoirs unique and unconventional to produce. A better understanding of frozen
4reservoirs and their development is required in order to advance recovery of oil from 
them.
Emphasis should be given to frozen reservoirs when developing the technology 
for producing oil in an economically feasible way, since exploration of other 
unconventional reserves is relatively expensive and requires even more extensive 
technology.
1.2 Reservoirs in permafrost and related challenges
The Gubkin gas field (Russia) (Jensen et al., 1983), the northern part of the 
Timan-Pechora oil and gas field (Russia) (Jensen et al., 1983), and the Umiat oil field 
(U.S.) (Baptist, 1960) are examples of reservoirs found in permafrost (frozen ground). 
These reservoirs typically have an extra component of ice along with the conventional 
reservoir components. Temperatures of less than 0°C can cause problems during drilling 
and production of these reservoirs.
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Figure 4: Defining oil and the reservoir (www.ajm pc.com )
5The freezing of water in drilling fluids can cause problems including lost 
circulation, stuck pipe, and poor cementing jobs (Kljucec et al., 1974). The effect of 
temperature also contributes to poor recovery when producing from frozen-ground 
reservoirs. This is due to the lower values of relative permeability to oil (Baptist, 1960). 
Baptist (1960) performed several experiments on frozen cores and concluded that low 
recovery rates resulted from reductions in relative permeability to oil that occurred with 
drops in temperature from room temperature to below 0°C. He performed experiments 
only at those two temperatures. However, there was no evidence of change in relative 
permeability to oil with gradual drops in temperature. Information about the effect of 
formation water salinity on relative permeability to oil during temperature change in 
frozen reservoirs is also lacking. Reductions in relative permeability are explained 
partially by Baptist, who introduced the concept of freezing of interstitial water within 
pore structure. However, the sensitivity of relative permeability and the structural 
placement of ice with respect to salinity are unknown. The end result of all of these 
problems is reduction in productivity. The search for appropriate production mechanisms 
has evolved due to these challenges. They make it necessary to delve more deeply into 
frozen reservoirs, with the goal of developing and better understanding their behavior on 
the micro scale. Thus, this project concentrates on understanding relative permeability to 
oil behavior with respect to temperature changes as well as to changes in the salinity of 
formation water. This study also explores several fluid injection strategies as production 
techniques for frozen reservoirs.
1.3 Objective
The unusual conditions of a frozen reservoir necessitate detailed laboratory study, 
in order to evaluate the more appropriate production techniques. The effect of 
temperature on relative permeability is observed at two temperatures, as explained 
earlier. However, trends of relative permeability over a temperature range of 23°C to - 
10°C need to be addressed. The effect of salinity on relative permeability to oil also needs
6to be determined. Thus, the present study concentrates on pore-scale distribution of water 
and ice and its effect on relative permeability to oil. Just as important is an investigation 
of best-production techniques, those that would increase the quantity of "recoverable 
reserve" in ice-rich reservoirs.
The objectives of this thesis are as follows:
• Build an experimental setup
• Run routine core analysis on two Berea sandstone cores.
• Run special core analysis for the determination of relative permeability values at 
temperatures, 23°C, 0°C, -5°C, and -10°C.
• Determine of relative permeability values of both cores at salinities: 0 ppm, 6467 
ppm and 5626 ppm.
• Conduct capillary pressure experiments to find the average pore radius of the 
sample.
• Conduct a theoretical analysis to determine the implications of freezing of 
interstitial water on relative permeability with change in salinity of water.
• Investigate the effects of interfacial tension (IFT), saturations, and pore geometry 
on relative permeability.
• Perform core flood experiments with fluids like deionized water, saline water, and 
antifreeze to propose the best production strategy.
7Chapter 2 Background
2.1 Permafrost
Permafrost is a regular feature of extreme northern and southern terrain 
throughout the world, its boundaries dictated by the laws of physics. Defined as soil that 
has remained frozen (colder than 0°C or 32°F) for two or more years, permafrost, was 
first mentioned in the literature in Siberian military reports (Tsytovich, 1963). Permafrost 
can be found in soils and in rock sediments. Permafrost thicknesses range from less than 
1 meter to greater than 1,000 meters. Regions underlain by permafrost occupy 
approximately 22.79 million square kilometers (about 24 percent of the exposed land 
surface) of the Northern Hemisphere (Zhang et al., 2003). Figure 5 shows the distribution 
of permafrost in the Northern Hemisphere.
Permafrost, discontinuous or continuous, prevails throughout most of Alaska. It 
ranges from a few inches in thickness at its southern margins, to 2,000 feet at Prudhoe 
Bay. There are many variations in what constitutes permafrost: it can contain over 30 
percent ice or contain practically no ice at all. It can be overlain by several meters of 
snow, or by little or no snow. The incomplete freezing of water in dispersed soils and the 
dynamic equilibrium of unfrozen water and ice in frozen soils have been explained by 
investigations into the physics and mechanics of frozen soils.
Berea sandstone rocks were used in this study. These rocks certainly differ from 
soil characteristics. Though the above discussions are an important starting point for this 
study, the behavior of unfrozen water in frozen rock is probably different, because rocks 
are not as ductile as unconsolidated soils. However, the closest analog for the study of 
unfrozen water in a lithified rock residing in permafrost zone comes from studies of 
permafrost in soils.
Various techniques have been developed in order to quantify the unfrozen water 
content accurately and efficiently. Some of these techniques are helpful in finding the 
unfrozen water content in soils and rocks as well (Watanabe and Mizoguchi, 2002).
8Frozen petroleum reservoirs contain oil, water, ice, and/or gas. This four-part 
composition makes a reservoir much more complex than a conventional reserve’s three- 
part composition (oil, water, and/or gas).
92.2 Unfrozen water
Liquid water layer can exist even at -30°C, where their thickness has been 
measured with pulsed NMR at an ice/silica interface in frozen porous silica (Ishizaki, 
1995). Anderson and Tice (1971) showed that water can be in an unfrozen state until the 
ambient temperature reaches as low as -60°C to -35°C in a clay-water system. Unfrozen 
water can be found even at -125°C in coal (Mraw and Naas-O’Rourke, 1979). Therefore, 
at least some portion of the water associated with soil is expected to remain liquid in 
naturally occurring permafrost.
Unfrozen water’s properties highly depend on temperature, pressure, water salinity, 
and mineralogy. Physicochemical properties of the soil, such as specific surface area, 
surface charge density, and the suite of exchangeable ions also influence water properties 
(Kleinberg and Griffin, 2005; Watanabe and Mizoguchi, 2002). The experimental results 
derived by Christ and Kim (2009) revealed that the amount of unfrozen water in silt 
decreased with decreasing temperature and stabilized at temperatures below -10°C 
(Watanabe et al., 2002). Also, when a porous medium is saturated with a solution, the 
amount of unfrozen water increased with increasing solute concentration (Watanabe et 
ah, 2002). Pure water remains unfrozen in pores smaller than 0.004 pm in diameter even 
at below-zero temperatures. As the temperature increased, ice was shown to melt in 
successively larger pore spaces (Kleinberg and Griffin, 2005). The relationship between 
unfrozen water content (Wu) and temperature (T, °C) obtained through the pulsed NMR 
technique is shown in Figure 6. An Equation to calculate the unfrozen water content 
derived from results of NMR technique is given as
Wu = 19.8 * (Tm -  J ) -0 30 (1)
Where,
Tm — Normal melting point, °C 
Wu = Unfrozen water content 
T = Temperature, °C
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The depression of the melting point by capillary forces is (Watanabe and Mizoguchi, 
2002; Anderson et al., 2003)
A T = -Tm2/s,C0S°  (2)
m p £ H mD K >
Where
AT = Depression of the melting point, K,
Tm is the normal melting point, K,
ysi is the surface tension of the liquid water-ice interface, J/m2,
0  is the contact angle between ice and the pore wall,
AHm is the enthalpy of melting per unit mass, J/kg,
ps is the density of the solid, kg/m , and
D is the diameter of the cylindrical capillary (Pore throat), pm,
Using literature values,
vp W = 19.8 * (Tm rTr\~0.30g.,
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Figure 6: Relationship between unfrozen water and the tem perature (Ishizaki et al., 1996)
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Tm = 273.15 K,
AHm=3.34* 105 J/kg, 
ps = 916.2 kg/m3.
The surface tension of the water-ice interface is ySi =3.2 *10"2 J/m2 and 0=0°,
AT  = -(0.057 jumK)ID (3)
2.3 Reasons for occurrence of unfrozen water in frozen ground
At temperatures below 0°C, the occurrence of unfrozen water in porous media such 
as soil or rock can be attributed to three main phenomena (Dash et al., 1995; Wilson et 
al., 1999).
1. Standard melting point depression: Solutes dilute the solvent and decrease its
chemical potential.
2. Surface melting: Wetting the solid surfaces with a melted layer reduces the
free energy.
3. Presence of curved surfaces: The amount of unfrozen water at sub-zero
temperatures is determined by the sizes and shapes of the ice crystals, 
impurity concentrations, and microscopic soil structure (Reed et al., 1979).
2.4 Investigation of prevailing ice within the pore
In Section 2.2, the phenomenon of unfrozen water even below the freezing point 
of water in soil structures was explained. Section 2.3 detailed how unfrozen water might 
occur. Going forward, this investigation will analyze whether the grain surface 
surrounding the pore is in contact with this liquid water or with the frozen water (i.e., 
ice).
Kleinberg et al. (2004) performed an NMR experiment on two samples taken 
from a sandstone reservoir and a mud stone reservoir at below 0°C temperatures and
12
allowed to thaw to 18°C. His experiments showed that the unfrozen water was in contact 
with the grain surface, while the ice tended to reside in the interior of the pore space.
2.5 Reliance of water saturation on relative permeability and quantifying unfrozen 
water
Each phase’s relative permeability depends on the phase’s saturation of that 
phase. Water saturation (Sw, %) influences relative permeability.
Sw = —  *100% (4)w PV
Where,
Sw = Saturation of unfrozen water
Vw = Volume of unfrozen water in the pore space, ml or CC 
PV = Total pore volume, CC
and the relative permeability (krw) can be measured as
(5)
k
Where,
k(Sw) = permeability at water saturation Sw 
k = permeability of fully liquid-water-saturated sediment.
The complexity o f the structure and the chemistry involved theoretically render it 
impossible to predict the amount of liquid water (Vw) in frozen bulk soil (Dash et al., 
1995). Because o f this, experimental approaches to measure this variable as accurately as 
possible are needed.
In past studies, several methods have been implemented for quantifying the 
unfrozen water content in frozen soil. Some of these methods are:
1) Gravimetry
2) Neutron Thermalization
3) Gama Densitometry
4) Differential Scanning Calorimetry (DSC)
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5) Conductivity
6) Time-Domain Reflectometry (TDR)
7) Nuclear Magnetic Resonance (NMR)
Each technique has their own distinct disadvantages that could lead to ambiguity 
in analyzing results. However, among these technique, NMR generally is considered the 
most accurate method for determining unfrozen water content of soils (Tice et al., 1982).
2.6 Behavior of unfrozen water content (0) with changes in temperature (T)
A NMR spectroscope also can be used to study the relationship between 
temperature and liquid water content (0) in frozen pores. Studies conducted by Ishizaki et 
al. (1996) and Watanabe and Mizoguchi (2002) revealed that the liquid water content in 
this relationship is nearly independent of temperature above 0°C. Below 0°C, it follows 
an exponentially increasing trend until the freezing point.
2.7 Frozen reservoirs
The Gubkin gas field (Russia) (Jensen et al., 1983), the northern part of the 
Timan- Pechora oil and gas field (Russia) (Jensen et al., 1983), and the Umiat oil field 
(U.S.) (Baptist, 1960) are examples of reservoirs that are found in permafrost (frozen 
ground). While the current study is generally applicable to any frozen reservoir, 
temperature and salinity of formation water values used in this study were taken with 
reference to Umiat reservoir. A discussion on the reservoir conditions, geology, and well 
placements of Umiat is necessary.
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2.8 Umiat reservoir
Umiat reservoir resides in the permafrost zone. The Umiat oil field is located in 
the eastern part of the National Petroleum Reserve (NPRA), which is adjacent to the 
Colville River. Discovered in 1946, it is 92 miles from the Trans Alaska pipeline and 
about 220 miles south of the Prudhoe Bay oil field. The reservoir encompasses an area 
37,000 square miles entirely overlain by continuous permafrost (as shown in Figure 7). 
The map in Figure 8 shows the geographic location of Umiat oil field. The reservoir at 
Umiat field is prototypical of a frozen reservoir: ice is one of its primary components. 
Some exploration has occurred at Umiat: the U.S. Navy and United States Geological 
Survey (USGS) have conducted research in this field, and there are 11 wells on the Umiat 
anticline (Gates and Caraway, 1960).
Table 1 summarizes permafrost depths in which the oil producing sands are 
located. The bottom part of the permafrost at Umiat ranges from 800 ft to 1,100 ft. Some 
part of the reservoir pay zone, which ranges from 275 ft to 1100 ft in depth, is thus in the 
permanently frozen zone. Reservoir pressure at Umiat ranges from 50 psi near the top to 
350 psi near the bottom. Bubble point pressure is 328 psi. The initial pressure support for 
the reservoir, supplied by solution gas drive, was able to produce for only three months. 
The shallowness of the reservoir results in poor initial pressure support (Baptist, 1960). 
The oil at Umiat is light (36-37.2 degree API) and it is sweet, containing a sulfur content 
of less than 0.1 percent (Potter and Moore, 2003). However, remoteness of the field, 
frozen conditions of the reservoir, and poor pressure support (lack of aquifer support) 
make exploration of and production from Umiat a real challenge.
Johnson (2010) estimated original oil in place as 1.9 billion barrels. According to 
Baptist (1960), estimations of economically recoverable oil range from 30 million bbl to 
over 100 million bbl, with an average estimate of 70 million barrels. Renaissance Alaska 
Inc’s estimation of proved, probable, and possible recoverable reserves is 250 million 
barrels of oil (Watt et al., 2010).
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Table 1: Data of perm afrost in different wells at Umiat (Baptist, 1960)
Well Number 1 4 5 6 7 9 11
Surface elevation (ft) 810 483 335 337 300 424 481
Depth to top of lower sand (ft) 1,818 745 770 1,055 1,200 866 2,805
Elevation of top of lower sand, 
below sea level (ft)
1,800 262 435 718 870 442 2,324
Depth to base of permafrost
(ft)
920 890 800 770 827 1,055 770
Elevation of base of 
permafrost below sea level (ft)
110 407 465 433 497 631 289
Liquid production from lower 
sand
water oil oil water water oil water
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Figure 8: Geographic location o f Umiat oil field. (1) Umiat, (2) M eltwater, (3) Tarn, (4) W est Sak, (5) 
Kuparuk River, (6) M ilne Point, and (7) Prudhoe Bay (Decker, 2007)
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2.8.1 Geology
Umiat field consists of Cretaceous sandstones deformed into an anticline (Collins, 
1958). The Umiat reservoir consists of Torok-Nanushuk and Seabee-Tuluvik Formations 
(Figure 9.A). The Nanushuk consists of deltaic, fluvial, and estuarine facies (LePain et 
al., 2009). The informal formations of Umiat are listed below (from top down) (Figure 
9.B) (Shimer, personal communication 2009)
• Ninuluk formation: Dominated by shallow marine sandstone and mudstone
• Chandler formation: Dominated by delta plain mudstone and channel sandstone
• Upper Grandstand: Consists of 50-75 ft of deltaic sandstone.
• Shale barrier: Consists of 350 ft marine to marginal marine mudstone
• Lower Grandstand: Up to 200 ft of shallow marine sandstone
• Marine shale: Underneath Nanushuk and Torok formation
Oil that could be recovered economically from Umiat reservoir is found in the 
Upper Grandstand and Lower Grandstand formations (Collins, 1958)
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2.8.2 Drilling and completion
The Umiat anticline, 10 miles long by 3 miles wide, contains a total of 11 test 
wells drilled for exploration purposes (Gates and Caraway, 1960). Of these 11 wells, only 
6  have returned considerable amounts of oil. Figure 10 shows the location of the 11 wells 
at Umiat.
Wells 1, 2, and 3 were drilled with water-based mud using conventional rotary 
methods. Wells 1 and 2 were failures, producing nothing (Gates and Caraway, 1960). 
Well 3 produced an average of 24 b/d. Later on, wells 4, 6 , 8 , and 10 were drilled using 
cable tools and brine. An average of 70 b/d of production was achieved among the four 
wells. Initially, well 5 was drilled using brine. It was then widened using rotary tools and 
oil-based mud. Post-widening, an average production rate of 400 b/d was recorded at 
well 5. Well 9, drilled using oil-based mud, returned an average production of 300 b/d. 
Figure 11 shows the production capacity of Umiat wells, while accounting for the drilling 
method (Gates and Caraway, 1960).
Figure 10: W ell location at Umiat field (Gates and Caraway, 1960)
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Figure 11: Production capacities o f wells related to drilling mud (Gates and Caraway, 1960)
2.8.3 Depth of the permafrost
Placing thermistor cables in the wells and measuring the geothermal gradient 
determined the depth of the permafrost at Umiat (Gates and Caraway, 1960). The 
geothermal profile in well 6  is shown in Figure 12.
In well 9, between the depths of 100 and 870 ft the temperature increases at a rate 
of 1.33°F/100 ft in well 9. The geothermal gradient in wells 6  and 8  is 1.56°F/100 ft. The 
temperature-depth profile in well 9 indicates that the depth of the permafrost is 1055 ft, 
which is almost 150 feet deeper than permafrost depth found at any other Umiat well. 
Depths to the base of the permafrost for all Umiat wells in which temperature gradients 
were measured are shown in Table 1.
4 0 0 ■Oil-Base Drilling Mud Completion i
■ □ Solt-Woter " N M 1
.Q 3 0 0 m Clay-W ater « 11 U |
JCDm . c0 I 1z*
j = 2 0 0 .
Is3
Eu iI 13a0<rCL
5  100 ....
r 
1
Cl
ay
-W
ot
er
C
la
y-
W
at
ei
 
Oi
l-t
n-
W
ot
er
— S
al
t-W
at
er
— 1 — 1
9Pl
14/■
i
0 1 2 11 4 V
__
7
J
8
J
10
i
5
4
9
W ELL NUMBER
21
Figure 12: Tem perature -  depth profde o f well 06 (Gates and Caraway, 1960)
2.9 Relative permeability
Absolute permeability is a measure of the ability of a rock to transmit a single 
fluid phase through its pore structure (Dandekar, 2006). Permeability is measured in 
Darcy or millidarcy (md) and is determined by the size of the pore throats, the connecting
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passage between pores. Permeability often decreases with depth because compaction and 
cementation restricts or blocks the pore throats, in effect reducing the flow rate.
Darcy performed an experiment of the flow of fluid (water) through a bed of sand 
(Freeze, 1994). This experiment is similar to the diagram of flow of fluids through a core 
plug shown in Figure 13.
Pi P2
Absolute permeability of the sample can be calculated using Darcy’s law. Darcy’s 
law is given as
e —  wjuL
Where,
Q = Volumetric flow rate through core plug, CC/sec
k = Absolute permeability, Darcy
A = Area of cross section of core plug, sq. cm
AP = P 1-P2 = Pressure differential across the core plug, atm
p = Viscosity of the fluid, cp
L = Length of the core sample, cm
Darcy’s experiments were restricted to sand bodies 100% saturated with water. 
However, later investigations suggested that Equation 6  could also be used for other 
fluids with corresponding ‘p ’ value (Dandekar, 2006).
The measure of relative permeability is the ratio of effective permeability of a 
particular fluid at a particular saturation to the absolute permeability of that fluid at total 
saturation. The effective permeability is a measure of flow of one phase when the
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medium is saturated with multiple phases. If a single fluid is present in a rock, its relative 
permeability is 1.0. Relative permeability allows comparison of the different abilities of 
fluids to flow in the presence of each other, because the presence of more than one fluid 
generally inhibits flow.
2.10 Determination of relative permeability
The following two sections discuss the most common flow experiments for 
determining relative permeabilities:
1. Steady-State (SS)
2. Unsteady-State (USS).
2.10.1 Steady-State technique
The steady-state method was first developed in 1939 by Leverett. Each step of the 
procedure involves the simultaneous injection of two phases, at a certain volumetric ratio, 
into the core plug. The injection continues until the pressure drop across the core plug is 
stabilized and the influent and effluent volumetric ratios are equal. This condition is 
called a Steady-State condition. Once this condition is reached, the core must be removed 
from the core holder. Then, using the mass-balance equation, the fluid saturations are 
found. At these saturations we can find the effective permeability of each fluid using 
Darcy’s law. Dividing the effective permeabilities by absolute permeability or by the 
effective permeability to oil at irreducible water saturation, we get the relative 
permeabilities. In subsequent steps, the volumetric ratio of injected fluids is progressively 
increased. When the steady-state condition is reached, the new saturations of fluids and 
their relative permeabilities can be found.
Calculation of relative permeabilities using the steady-state method is simple, but 
from a practical point of view, the experiment is time consuming. This is because at each 
step we need to wait until the steady-state condition is achieved. Also, at each step we
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need to remove the core from the core holder. This procedure might result in fluid loss, 
especially if we are measuring gas-oil relative permeabilities (Dandekar, 2006).
2.10.2 Unsteady-State technique
In terms of the laboratory experiments, unsteady-state technique is easier than 
steady-state technique, but it requires much more data processing. Unsteady-state 
technique was used in this work. Core flooding experiments can be carried out in order to 
determine relative permeability. In this procedure, the core sample is flooded with 
oil/water, depending on the saturated phase of that sample. The core is placed in a 
freezing chamber or cooling jacket surrounding to maintain a constant test temperature 
(Godabrelidze, 2010). The common method for analyzing these data is the Johnson- 
Bossler-Naumann (JBN) method (Johnson et al., 1959).
An alternate method involves the following technique also could be applied.
Where
keo , kew = Effective permeability of oil and water respectively.
qo, qw are volumetric flow rates of oil and water respectively from experiment, CC/sec 
Sw= Water saturation, %
go, gw= Viscosity of oil and water respectively, cp 
A = Cross-sectional area of core sample, sq. cm 
L = Length of the core plug, cm
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AP = Pressure differential across core plug, atm/sec
This alternative method was used in this study to determine the effective 
permeabilities.
2.11 Reduction in relative permeability to oil and oil recovery
Baptist (1960) performed core flood experiments on six Umiat core samples. His 
purpose was to determine the relative permeability to oil and oil recovery through 
solution gas drive. An. increase in oil recovery was observed at 75°F (24°C), relative to 
recovery at 26°F (-3°C). As shown in Table 2, average recovery of oil at 75°F was 40%, 
while recovery at 26°F was just 29%.
The relative permeability of the six Umiat core samples was also determined by 
Baptist (1960) at a room temperature of 70°F (21°C) and below the freezing point of 
water at 26°F. A reduction of 23.3% in relative permeability was observed for Sample 1 
from 70°F to 26°F. A reduction of 31.5% was observed on the relative permeability of 
Sample 2 from room temperature to below zero.
Baptist explained that the freezing of interstitial water was a reason for the 
reductions in relative permeability and oil recovery. This was also the reason for the 
increase in irreducible water saturation from 41% to 44%. Apart from freezing of 
interstitial water, there is a possibility of other factors causing this for reduction in 
relative permeability to oil, such as fluid saturations, pore geometry and interfacial 
tension effects between the different phases of the reservoir. This study concentrates on 
the reasons behind the reduction in relative permeability to oil in frozen reservoir.
toON
Table 2: Oil recovery experim ents on Umiat core sam ple at 23°C  and -3°C (Baptist, 1960)
Well
and
sand
Depth,
feet
Porosity,
%
Air
perm eability,
md
Initial oil
saturation,
% PV
Solution-gas expansion Gas drive
Recovery initial 
oil, percent
Residual oil, 
percent pore 
volum e
Recovery initial 
oil, percent
Residual oil, 
percent pore 
volume
Brine oil 26°F 75°F 26°F 75°F 26°F 75°F 26°F 75°F
Umiat
# 2 ,
lower
796 16.4 196 37 63 34 48 42 33 21 20 28 20
797 15.1 49 44 56 27 29 41 39 7 9 36 34
805 14.6 92 41 59 17 - 49 - 28 - 33 -
Umiat
#3,
upper
259 18.2 128 42 58 36 - 38 - 34 - 19 -
352 17.7 134 38 62 31 50 43 34 26 23 27 16
355 16.3 52 44 56 25 33 42 38 19 34 32 19
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2.12 Possible reasons for reduction in relative permeability
Key parameters that affect relative permeability include (Dandekar, 2006):
1) The pore-space geometry (the distribution of large and small conduits and their sizes)
2) Viscosity of the fluid
3) Wettability of the mineral surface, and
4) Interfacial tension (IFT) (and/or surface tension) between the fluid phases and between 
each fluid phase and the minerals.
These parameters are the major factors in a 3-component system (oil-water-gas). 
In a four-component system (oil-water-gas-ice), along with the above parameters, the 
freezing of water within porous media also has a significant effect in altering the relative 
permeability o f each phase.
Interfacial tension (IFT) between different fluids of the system also alters the 
relative permeability to oil. Shen et al. (2005) performed experiments with different 
values of IFT and proposed several empirical equations of relative permeability as a 
function of IFT. In the case of frozen reservoirs, additional interfacial tension values exist 
between ice and other fluids of the reservoir. The net interfacial tension is the summation 
of all interfacial tensions that exist between the fluids of the formation (Konno and 
Izumiyama, 2002).
2.13 Kozeny-Carman equation
Kozeny (1927) proposed an equation largely used in fluid dynamics that was later 
modified by Carman (1937). The resulting equation, Kozeny-Carman equation or KC 
equation, is expressed, similarly to Darcy’s law, as “Flow of fluid is directly proportional 
to pressure drop and is inversely proportional to viscosity.” The KC equation was 
developed after consideration of the flow of fluid through a packed bed of solids 
(Chapuis and Aburtin, 2003). The KC equation is given as
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Where,
AP = Pressure drop, atm 
L = Length of the packed bed, m 
®s = Spericity of the grain particles 
e = Porosity, %
Dp = Diameter of the particles, m 
V0 = Superficial velocity, m/sec
This KC equation is valid for single-phase laminar flow. Since the equation was 
established, it has taking several forms. Governed by several assumptions, alternative 
form of this equation is used in this study to find the radius of ice formed in the center of 
the pore. Assumptions and the alternative form of the equation are discussed in detai in 
Chapter 4.
2.14 Berea sandstone
Berea sandstone is used as a model rock to perform experiments for relative 
permeability and production techniques. It has a porosity of 20% and an air permeability 
of 180md. These are homogeneous cores with good permeability values, and are standard 
cores that have been widely used in the literature for core flooding experiments. 
Therefore, for the present work, Berea sandstone was chosen for the core flood 
experiments. Berea sandstone was ordered according to the required length and diameter 
(6 X 1.4 ). It was placed under permafrost conditions to measure the relative 
permeability to oil in the presence of ice, and the results and analysis can be compared to 
the results derived from any frozen cores.
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Chapter 3 Experimental procedure
In order to determine the sensitivity of relative permeability to oil with 
temperature and salinity, core flooding experiments were performed on two clean Berea 
sandstone cores. Core flooding experiments consist of two types of core analysis: routine 
and special core analysis. Routine core analysis helps in finding porosity, permeability, 
and saturations. Special core analysis contributes in determining relative permeability. 
Berea sandstone rocks were subjected to permafrost conditions for this experimental 
study. The cores used are cylindrically shaped, 6 inches in length (L) and 1.4 inches in 
diameter (d) (Figure 14). They are designated Core 1 and Core 2. Both cores were 
cleaned and dried after one set of experiments. However, Figure 14 shows difference 
between cleaned (Core 1) and used (Core 2) cores.. Air-permeability tests were made on 
these samples using a probe permeameter. Vertical air permeability of Core 1 and Core 2 
were respectively 187 md and 180 md.
The experimental setups used for routine and special core analysis and test 
procedures are explained in the following sections. Even though the present work is a 
generalized study for all frozen reservoirs, the reservoir conditions, including temperature 
and pressure of the Umiat reserve were used to perform these experiments.
Figure 14: Berea sandstone cores labeled Core 1 and Core 2.
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3.1 Experimental setup
Godabrelidze (2010) built the experimental setup and developed the test 
procedure for the core flood experiments. The setup shown in Figure 15 consists of a core 
holder, hydraulic pump, positive displacement pump, accumulators, pressure gauges, and 
cooling chamber.
To perform the flooding experiments, the core is placed in the core holder. 
Initially the core is mounted on a rubber sleeve and then placed in the core holder. The 
ductility of this rubber sleeve helps maintain an overburden pressure. Overburden 
pressure is transferred to the core by a hydraulic pump in order to simulate reservoir 
pressure. The core holder has inlet and outlet openings for the fluid to pass through the 
core.
Figure 15: Experim ental setup o f core flood experim ents (Godabrelidze, 2010)
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In the process of creating overburden pressure, the hydraulic pump displaces the 
hydraulic oil (kerosene in this case) into the annular space between the rubber sleeve and 
the metal jacket of the core holder.
A positive displacement pump is used to inject flooding fluids into the core. The 
pump is filled with water and displaces other fluids (such as water, antifreeze or oil) 
stored in the accumulators by pushing the piston upwards. After some trial and error, a 
flow rate of 0.05 cc/sec was found to be most effective, causing only minimum effects of 
turbulence due to frictional force.
Three accumulators having water, oil, and antifreeze, respectively, were used in 
this experiment (Figure 15). The inlet of the accumulator is connected to the outlet of the 
positive displacement pump. Careful operation of valves allows only the desired fluid to 
enter into the core holder for flooding.
To measure the pressure differential across the core, a pressure transducer is 
connected to the inlet tubing. This pressure transducer converts pressure into an analog 
electric signal, which gives an accurate pressure reading up to two decimal points. To 
measure the overburden pressure that is applied on the core sample, another pressure 
gauge is located between the hydraulic pump and the core holder.
The system, consisting of a core holder, oil accumulator, and hydraulic pump, 
were situated in a cooling chamber to maintain the reservoir temperature conditions.
3.2 Experimental procedure
The experiments were carried out on both cores using a similar procedure. 
Routine core analysis helps find porosity and absolute permeability of the core. Special 
core analysis helps determine the effective permeability of oil.
3.2.1 Routine core analysis
Determinations of porosity, absolute permeability, and irreducible water 
saturation are required to advance the investigation. Routine core analysis is carried out at 
room temperature (23°C). The steps illustrated below are for Core 1.
Step 1: The dry weight (DW) of the core was measured before being subjected to
saturation with deionized water. The core was then placed in a beaker of
deionized water (0 ppm salts) and kept under a vacuum for 2 to 3 days. Water
saturated the core by replacing the air in the pores. The core was removed from 
the beaker after it was 100% saturated with water. The wet weight (WW) of the 
core sample was measured and the sample was placed immediately in the core 
holder
Step 2: Meanwhile, density (p) and viscosity (p.) of the kerosene were measured at 23°C, 
0°C, -5°C, and -10°C using an Anton-Paar density meter and a Brookfield 
viscometer (the test procedure for viscometer is explained in Section 3.3).
Step 3: Since the length (L, inches) and the diameter (d, inches) of the core are known, 
the bulk volume (BV) can be calculated as
B V  = A * L  (12)
Where,
• ,  d2A = Cross sectional area of the core sample = n —
Step 4: The pore volume (PV) and porosity (cj>) were measured as
p v = W W -D W _
PW
pw = Density of corresponding water sample, lb/ft3
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Dry weight and wet weight of the core were measured in lbs.
Obtained PV is converted into cubic inches using a conversion factor of 1728
in /ft'
(14)
Step 5: After placing the core into the core holder, an overburden pressure of 600 psi was 
applied. The core was then flooded with the water sample at a constant flow rate 
(q) of 0.05 cc/sec until the pressure differential (AP) across the core stabilized. 
Since all inputs were specified, the absolute permeability o f the core sample 
could be calculated using Darcy’s law (Equation 6).
Step 6: After the pressure stabilized, the core sample was flooded with oil (kerosene) at 
the same flow rate until the pressure again stabilized. There also must be no 
more water production at the outlet. The amount of water remaining in the 
sample is immobile, and the corresponding saturation is called the irreducible 
water saturation ( S wi). By measuring the amount of water (QWp) collected at the 
other end, this water saturation can be calculated using the Equation
Step 7: The same procedure from Step 1 to Step 6 was repeated for Core 2.
3.2.2 Special core analysis
The relative permeability o f the core samples to oil (kro) was calculated at four 
different temperatures and three different formation water salinities. The temperatures 
chosen were 23°C, 0°C, -5°C and -10°C. The relative permeability data were generated 
for both cores at all four temperatures. Relative permeability to oil (kro) data at room 
temperature (23°C) serves as a reference point for comparison of results of the other 
temperatures.
(15)
34
The formation water salinity could also potentially affect relative permeability. 
The effective permeability to oil at three different salinities was measured to help further 
understanding of the dependency of relative permeability of oil on the salinity of 
formation water. The three salinities used in the special core analyses were 0 ppm 
(deionized water), 6467 ppm (Salinity 1) and 5626 ppm (Salinity 2). Salinities 1 and 2 
were chosen based on the salt composition of Umiat formation water (Godabrelidze, 
2010). Deionized water was used as the reference salinity. The steps explained below 
were followed at 23 °C and with 0 ppm water. A similar procedure is applicable for all 
temperatures and salinities of this experiment.
Step 8: Following Step 6 (Section 3.2.1), the effective permeability of oil (K^o) @ Swj 
was calculated using Equation 8. Since water is at its irreducible saturation, the 
effective permeability of water Kewis zero.
Step 9: The relative permeability to oil (kr0) was calculated using Equation 7 and is given
as kr0 = (keo/k)
Step 10: The core was flooded with kerosene at a temperature o f 0°C until the pressure 
stabilized.
Step 11: Step 8 and 9 were repeated to determine effective permeability of oil
(keo@Swj(ice)) and relative permeability to oil at 0°C.
Step 12: steps 8 to 10 were repeated with two more temperatures (-5°C and -10°C) at the 
same salinity.
Step 13: At the completion of the above set of experiments, the core was removed from 
the core holder, and then cleaned with toluene and acetone, and dried in the 
oven at 27°C for 2 days.
35
Step 14: After drying the core, Steps 1 to 13 were repeated with two more saltwater 
samples of concentrations 6,467 ppm and 5,626 ppm. Composition of the water 
used is shown in Table 3.
Table 3: Am ount of salts in the w ater sam ple (Collins, 1958)
Used salts
Salinity 1* 
g/6L
Salinity 2”  
g/6L
Calcium Chloride (CaCL) 0.11 0.09
Sodium Sulfate (Na2 So4) 0.25 0.13
Sodium Bicarbonate (NaHC03) 25.78 21.63
Sodium Chloride (NaCl) 8.4 4.91
Magnesium Chloride (MgCL) 0.07 0.11
Calcium Carbonate (CaC03) 0.02 .02
Sodium Carbonate (Na2C03) 4.11 6.83
Magnesium Carbonate (M gC03) 0.003 .003
Barium Carbonate (BaC03) 0.009 .009
Total Salinity
38.75 g/6L 
or
6467 ppm
33.73 g/6L 
or
5626 ppm
* Salinity 1 was taken from Collins (1958).
** Salinity 2 was prepared by the author of this study.
3.2.3 Uncertainty of experimental data
Uncertainty in the calculations of effective permeability values by special core 
analysis for Equation 6  can be obtained by the standard approach explained by Coleman 
et al. (2009). The parameters used in Equation 6  are volumetric flow rates of fluid from 
the pump, the viscosity o f the fluid (measured by Brookfield viscometer), the length and 
area of the core sample, and the stabilized pressure differential. The uncertainty in 
calculating relative permeability is produced with the calculation:
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For the ISCO pump, the uncertainty in measuring volumetric flow rate (8 qo/q0) is 
0.5%; for the Brookfield viscometer, 8 g0/|i0 is about 1%; the uncertainty in length (8 L/L) 
is 0.66%; and the uncertainty in pressure stabilization (8 AP/AP) is 0.25%. Uncertainty in 
area is calculated as
The uncertainty in diameter (8 d/d) is about 2.81%. Using this number, the 
uncertainty in area (8 A/A) was calculated as 3.97%. Finally, combining all the 
uncertainties together in Equation 50, the uncertainty in measuring the effective 
permeability of oil is (8 keo/ke0) ±4.2%. Similarly, the uncertainty in calculating the 
relative permeability to oil (8 kro/kro) is ±5.94%.
The weighing balance has an error of 1%, which is the only uncertainty in finding 
connate water saturations.
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3.3 Brookfield viscometer test procedure
Viscosity measurements were performed using a Brookfield viscometer. Viscosity 
is a measure of a fluid’s resistance to flow. Figure 16 shows the experimental setup for 
finding the viscosity of a given fluid.
Figure 16: Experim ental setup for viscosity m easurem ents at different tem peratures
(Sahoo et al., 2009)
The setup consists of a Brookfield viscometer, temperature bath, and sample 
chamber with mounted spindle. To keep the test fluid at its desired temperature, the 
temperature bath is connected to the viscometer with heating fluid circulation pipes. The 
viscometer is connected to a computer for data collection, which makes use of 
WINGATHER software.
38
The test fluid is then placed inside the sample chamber, and the desired 
temperature value is adjusted with the temperature bath. Now the spindle rotates with the 
use of the motor. The number of rotations (RPM) of the spindle was increased for every 
one set of data. The viscosity measurements are more accurate for torque ranging from 10 
to 100%, produced by spindle RPM. For a specific spindle speed, WINGATHER 
measures the data of torque (%), shear stress (dyne/cm2), shear strain (1/s), temperature 
of the test fluid, and time duration of the reading. The relationship between shear stress 
(x) and shear strain ( ft) is given in Equation 16.
For Newtonian fluids
t = (16)
Where, p = viscosity of the sample.
At a specific temperature, a graph is plotted between the shear stress and the shear 
strain for a torque range of 10 to 100% (shown in Figure 17). The slope of the straight 
line indicates the viscosity of the fluid.
The entire procedure is repeated at temperatures 0°C, -5°C, and -10°C, and for 
four different fluids: deionized water, saline water, oil, and antifreeze.
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Figure 17: Sample graph between shear stress and shear strain for viscosity m easurements of 
Brookfield calibration fluid (Sahoo et al., 2009)
3.4 Experimental procedure of mercury pycnometer
A pycnometer experiment was used to estimate capillary pressures with respect to 
wetting phase saturation (air). The average radius of the pores (b) is calculated using the 
obtained values of capillary pressure. This value of ‘b ’ is then used for the calculation of 
the radii of ice kernels formed within the pore. The capillary curve generated from the 
present case is for the drainage process. This experiment was performed on Core 1 at 
room temperature.
Step 1: Two reference points (upper and lower) had to be set to find the volume of the 
pycnometer. The lower reference point of mercury was adjusted using a pump 
piston. The volume of the lower reference point (VLR) was then recorded. The 
volume of the upper reference point ( V u r )  was also measured by carefully
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advancing the piston. The difference in these two volumes indicates the volume of 
the pycnometer (Vi).
Step 2: The piston was retracted until the mercury level was at the lower reference point. 
The dried core sample was inserted inside the pycnometer chamber. The nitrogen 
valve was then opened with nothing connected to its port, thus opening the 
pycnometer chamber to atmospheric pressure. The piston was advanced until the 
mercury level reached the upper reference point. The volume was then recorded 
(V2). The bulk volume of the sample (Vb) was calculated in ml by subtracting V2 
from Vi.
V b = V , - V 2 (17)
Step 3: The pump was retracted to the lower reference point. A pressure, up to 2000 psi, 
was applied using the control valve of nitrogen gas cylinder. For each incremental 
increase of pressure applied, mercury penetrates further into the core sample. The 
new volume of the pycnometer was calculated by advancing the pump piston for 
each pressure step until the mercury level was observed in the upper reference 
point. The difference in new volume and the previous pump volume indicates the 
volume of mercury that has invaded into the core sample at each pressure step.
Vjnj — Vn — Vjnitial — VC0IT (18)
Where,
Vinj = The total volume of mercury injected into pores of the core sample since the 
beginning of the test, measured in ml.
Vn ~ The pump volume reading in ml, with mercury at the reference level and 
distinguished at each new pressure step.
Vinitiai= The pump volume reading in ml, with mercury at the same reference level 
and at beginning pressure with the core sample in the chamber.
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Vcorr = The volume correction (for the expansion of mercury and the cell at that 
pressure) in ml at each corresponding pressure. The volume is calculated using 
metal core plugs for each pressure step.
Step 4: Nine different pressure readings were taken by repeating the step 5 at each 
pressure test.
Where,
Sg = The air (wetting phase) saturation of core sample at each pressure step, as a 
percent o f pore space
Vinj = The total (cumulative) volume of mercury injected into the pores of the core 
samples since beginning the test, at each measured Pc step 
Pc = The capillary pressure, psia 
V p = The pore volume of core sample, CC
Step 5: The standard capillary pressure curve of the air-mercury system was obtained by 
plotting the measured values of Pc in psia on the y-axis, versus the Sg wetting 
phase saturation in percentage on the x-axis. The capillary pressure data of 
water-kerosene and kerosene-air were obtained from
P = P  (2 0 )
^ w k  am
am
P(-ta =PCam * -^ £L respectively. (2 1 )
^ u rn
Where,
Pcwk = Capillary pressure of water-kerosene system 
Pcka = Capillary pressure of air-kerosene system 
Pcam = Capillary pressure of air-mercury system
dam = Surface tension of air-mercury system = 480 dyne/cm (Dandekar, 2006) 
a wk = Surface tension of water-kerosene system = 48 dyne/cm (Database of
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hazardous materials, CAMEO chemicals, 1999)
Ota -  Surface tension of air-kerosene system = 27 dyne/cm (Dandekar, 2006)
Step 6: The radius of the pore was calculated from
,. = 2 3- 0080- (2 2 )
Pr'- 'a m
Where,
0am = The contacting angle of mercury with the solid surface= 140° (Dandekar, 
2006).
A total of nine different pressures and saturations were recorded and then plotted 
against one another. A graph was generated for the air-mercury system as shown in 
Figure 18. Lower pore size and higher pressure are required for mercury to enter. With 
less pressure applied initially, the mercury enters the larger pores first; then it moves on 
to the smaller pores, along with increases in pressure. The transition from larger pores to 
smaller pores represents the middle portion of the graph. The average radii of the pores of 
these three zones were considered the average pore radius of the system. Detailed 
explanations of test procedures and calculations of pore-size distribution are respectively 
found in Section 3.4 and Section 5.3.
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Capillary Pressure curve for core 1
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Figure 18: Air -M ercu ry  capillary pressure vs. saturation o f wetting phase o f Core 1
Detailed calculations of the average radius of the pore, using pore size distribution 
analysis, are given in Section 5.3.
3.5 Experimental procedure for production technique
Fluids like deionized water (0 ppm), saline water (6467 ppm), and antifreeze (60% 
ethylene glycol and 40% water) were used for flooding for production of oil from core 
samples. The core was saturated with water initially as explained in Step 1 of Section 
3.2.1. The core was then flooded with the oil (kerosene) sample until the pressure 
differential (AP) across the core stabilized. Next, the core was flooded with the respective 
flooding fluid until no production of oil was observed. Produced oil was collected in a
volumetric cylinder. This process was repeated for temperatures 23°C, 0°C, -5°C, and 
-10°C. The collected volume of oil at each temperature was measured and tabulated.
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Chapter 4 Theoretical Procedure
Core flooding experiments allow us to observe trends of relative permeability 
reduction with decreasing temperature and varying salinity. The theoretical approach 
quantifies the reduction in relative permeability that might be caused by the structural 
placement of ice. The theoretical approach is an attempt to find the radius of ice formed 
within the pore space, for three different salinities.
An alternative form of the Kozeny-Carman equation was used in this study to 
investigate the flow through porous medium. In this euation, effective permeability 
values are used as inputs to obtain the radius of the ice kernel that is formed in the center 
of the pore.
The conventional Kozeny-Carman equation is valid for single-phase laminar 
flow, whereas the alternative form of Kozeny-Carman equation used for this study is 
governed by several other assumptions. Assumptions and their justifications for the 
alternative equation are given in the section below.
4.1 Assumptions and their justifications
1) Ice occupies the center of the pore.
Justification:
Section 2.4 explains about the Kleinberg (2004) approach using the NMR method. 
His study indicates that the unfrozen water is in contact with the grain surface, and ice 
tends to reside in the center of the pore space.
2) The Kozeny-Carman Equation can be used for two-phase flows such as oil and water, 
and the effective permeability o f oil can be used in place of absolute permeability in 
the calculations.
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Justification:
Darcy’s law is given as (similar to Equation 6 )
(23)
The Kozeny-Carman equation that has been derived from Elagen-Poiseuille equation 
for laminar flow is given as (similar to Equation 11)
(24)
Where,
e = Porosity
Sv = Specific surface
K = Kozeny constant (often 5)
By comparing Equations (23) and (24), the term in the square brackets represents 
the inverse permeability. This confirms that KC equation (Kozeny-Carman 
equation) is a subset of Darcy’s law.
Musket (1937) proposed two equations on the assumption that Darcy’s law is 
valid for each flowing fluid present in the system.
In Musket’s proposition, kkrg and kkri are respectively the effective permeabilities 
of gas and liquid. According to these equations, each fluid phase behaves as a 
homogeneous system. Since the KC equation is a subset of Darcy’s law, the 
effective permeability can be used in place of absolute permeability (k). In other 
words, the experimental procedure (Chapter 3) has already stated that the effective
(25)
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permeability of water at its irreducible water saturation is zero. So, the only 
significant permeability is the effective permeability of oil, which can be indirectly 
chosen as the base permeability.
3) Pores are spherical in shape and the average pore radius represents the radius of all 
pores.
Justification:
This is a general assumption and is necessary for the calculation of radius of ice 
kernel formed.
4) The only mobile phase in the interstices between the pores is oil.
Justification:
The effective permeability of oil has been determined using the calculations at 
irreducible wetting-phase saturation. This means that the mobility of water (wetting 
phase), at its irreducible saturation, is zero. Assumption 2 thoroughly explains the 
comparisons between Darcy’s law and the Kozeny-Carman Equation. Therefore, in 
the theoretical approach to the KC Equation, the mobility of unfrozen water has been 
assumed to be zero. Frozen water is considered as solid phase and its mobility is also 
zero. This means that upon freezing, the only mobile phase in the interstices of the 
pore is oil.
5) The pore, pore throats, and the core are assumed to be a system of ‘N ’ pipes in a 
block.
Justification:
Consider that N identical circular pipes of length 1 and radius b are embedded in a 
block of length L at an angle a, as shown in Figure 19.
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Figure 19: System showing pipe and block network (Dvorkin, J., Personal com m unication, 2010).
6 ) Tortuosity has not been changed upon freezing.
Justification:
From Figure 19, tortuosity by definition is written as x = sin '‘a = 1/L (Equation 26). 
This assumption is necessary for the present model to run; however, this assumption 
might not be true in the real system. Changes in tortuosity could be expected with the 
formation ice in the interstices. Considering changes in tortuosity makes the equation 
more complex and it cannot be solved easily.
4.2 Alternative form of Kozeny -  Carman equation
The Kozeny-Carman equation is actually derived from the Hagen-Poiseuille 
Equation for laminar flow through a circular channel (Chapuis and Aburtin, 2003). This 
equation was derived for a solid medium with pipe conduits rather than for a granular 
medium. Dvorkin (personal communication, 2010) proposed an alternative approach for 
the evolution of the Kozeny-Carman Equation. As proposed by Dvorkin, the derivation 
of the equation is as follows:
As illustrated in Assumption 5, the system of pore and pore throats is assumed as 
‘N ’ pipes embedded in a block. Now, consider the pipe assembly as an absolutely circular 
open pipe before freezing, then as a concentric pipe with a solid kernel inside the pipe 
upon freezing. This is shown in Figure 20.
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Darcy’s Equation is given as
(6)
Where
Q is the volume flux through the sample (cc/s)
A is the cross-sectional area o f the sample (cm2) 
f is the dynamic viscosity of the fluid (cp)
dP/dx is the pressure drop across the sample divided by the length of the sample 
(atm/cm).
Open Pipe Concentric Pipe
Figure 20: Schem atic o f open pipe and concentric pipe.
4.2.1 Flow through the circular open pipe (before freezing)
The Equation for the laminar viscous flow in a pipe (Dvorkin, J., Personal 
communication, 2 0 1 0 ) of radius b is
(27)
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Where,
u is the velocity of the fluid in the axial (x) direction 
f is the dynamic viscosity of the fluid 
dP/dx is the pressure gradient in the axial direction 
r and x, respectively, are the radial and axial coordinates.
A general solution of Equation (27) is
u = A + Br2+ C \nr  (28)
Where,
A, B, and C are constants.
By solving Equation (28),
Differentiating on both sides, 
du ~ C c?u ~ C
-  = 2Br + - ,  —  = 2 5 - -  (29)
cr r dr r
By substituting Equation (29) into Equation (27),
~ C ~ C 1 dP
2 B — j  + 2B + —  — — (30)
r r /u dy
From Equation (30)
~ 1 dPB = dr~r (31)4// dx 
Boundary Conditions,
At r = 0, we take C  = 0
And at r = b (radius of the pipe), u = 0 (according to fluid mechanics, the fluid is stagnant
that is in immediate contact with solid surface)
Then Equation (28) becomes,
~ ~ 2 ~ 1 dP ~ 1 dP , 2 „u = A + Br = A + ----------= A + ---------b2 = 0 (32)
4/u dx 4 // dx
From the above Equation 24 
 ^ I d P ,  2
A = — — b2 (33)
4// dx
By substituting the values of A,B  and C  in Equation (28)
51
1 dP J  r2 \
u = - — — b2 \ - - I  (34)
4 jx dx u y
Volume flux by definition is q = area * velocity
nb4 AP
Therefore, q = ----------  (35)
8  n  I
Equation (35) shows the volume flux through a single pipe, but for N identical pipes
Q = Nq (36)
We already know that 1 = Lx (from Equation 26)
So, total volume flux is given as,
Ar AP nb1' dP Ar l 2  b2 dP
q = N q -  - N  = - N  = -N nb  z ------ j —  (37)
8 fj. L z  8 )iz  dx 8 fj.z dx
Porosity of N pipes across the block is given by Equation 14,
<|> = PV/BV
PV = N7ib2l and BV = A*L (38)
Therefore
7 Nnb2l N7rb2z
(39)
By combining Equation (37) and Equation (39),
^  j b2 A dP 
8  z fj. dx
By comparing Equation (40) and Darcy’s law (Equation 6 )
* - » * £  (41)
Also by comparing Equation (37) and Darcy’s law (Equation 6 )
, N  7rbA
k = T r ~ T  ( 4 2 >
The final equation for absolute permeability is represented as (from Equation 41 and 42)
, , 7 <j> N  7rbA
k = b2- ^  = ---------- (43)
8 r  A z  8  V J
4.2.2 Flow through the concentric pipe (after freezing)
It is assumed that ice in the form of a solid kernel occupies the center of the pore. 
Imagine the flow of fluid through a pipe of radius ‘b’ with a concentric pipe of radius ‘a’ 
(radius of ice formed). The equation governing this flow is in the form of Equation (28). 
This equation with boundary conditions: u = 0 at r = a and r = b is given as (modified 
from Dvorkin, J., personal communication, 2010)
4 *  »!J  I  »!Jln(ft/a)J
Upon integration on both sides, from the definition of volumetric flow rate
n  AP l4| t a ] , a _ f , a j 1 //irN
Ct —-------- -—b 1 “T 1 H rr + 1 r*  7  r* (45)
8/j I v b J  b~ \  b~ )\n(a/b)_
The total flux through N pipes is given as,
Q = = + (46)
8 /z / \  b ) b \  b )\n (a /b)
Therefore the permeability is given as
, N  nb ( a a \ a  1
k  —------- 1——5- 1h— 5-+ 1----------- — —t — r  (47)
^ r 8 y b J  b~ \  b~Jln(a/b)
The porosity o f the block is
, N7r(b2 - a 2)l N7r{b2- a 2)r
* = - ^ T l ---—  A (48)
The final Equation for permeability is given as,
k = — ~ -b 2 1 + —7 -—v (49)
8 r  b~ \  b )ln (a /b )
Equation (35) represents the flow of fluid through the porous media before 
freezing. Equation (41) represents the flow of fluid through a frozen porous structure. 
The value o f b has been determined using the Mercury Pycnometer experiment, and value 
o f ‘a’ will be calculated using Equation (41) (for each water sample of different salinity).
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Chapter 5 Results
This chapter summarizes the results of core flood experiments on two clean Berea 
sandstone samples and the theoretical approach to understand the effect of freezing of 
interstitial water on reductions in relative permeability. A best production strategy for 
frozen reservoirs is proposed near the chapter’s end, reflecting the results of the 
experiments. The results from the core flooding experiments are used for theoretical 
calculations. Oil recovery factors are produced in Section 5.5.
5.1 Results of the core flooding experiments
Core flooding experiments (routine core analysis and special core analysis) were 
carried out at four different temperatures 23°C, 0°C, -5°C and -10°C, and three different 
salinities 0 ppm (DI), 6467 ppm (Salinity 1) and 5626 ppm (Salinity 2). These 
experiments were performed with two Berea sandstone cores.
5.1.1 Routine core analysis
The porosity and absolute permeability of two Berea sandstone samples were 
obtained with routine core analysis experiments (Table 4). Connate water saturation of 
more than 50% was observed for both cores. The lower irreducible water saturation 
(Table 4) of Core 2 was due its having higher values of porosity, pore volume, and 
permeability than Core 1.
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Table 4: Results of routine core analysis
Core sample
Pore
volume (PV)
CC
Porosity (<j>)
%
Absolute
permeability
(k)
md
Irreducible
water
saturation
(Swi)
%
Core 1 30.2 18.9 134.1 53.7
Core 2 33.1 20.7 153.3 51.7
5.1.2 Special core analysis
The effective permeability of oil was calculated at three different salinities and 
four temperatures, as explained in the test procedure. The connate water saturations of 
Core 1 and Core 2 at the different salinities are given in Table 5. The values of effective 
permeability for Core 1 and Core 2 are, respectively, listed in Tables 6  and 7.
Table 5: Connate water saturations of Core 1 and Core 2 at different salinities
Connate water saturation SWj (%)
Core DI Salinity 1 Salinity 2
(0 ppm) (6467 ppm) (5626 ppm)
Core 1 53.7% ±<1% 50.4% ± <1% 50.4% ± <1%
Core 2 51.7% ±<1% 51.7% ±<1% 51.7% ±<1%
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Table 6: Effective perm eability data o f  Core 1
Temperature
°C
DI
(0 ppm)
Salinity 1 
(6467 ppm)
Salinity 2 
(5626 ppm)
23 81.2*4.2% 90.5±4.2% 88.1±4.2%
0 67.3±4.2% 87.6±4.2% 87.2±4.2%
-5 48.3±4.2% 74.4±4.2% 66.5±4.2%
- 1 0 46.1±4.2% 60.3±4.2% 55.1±4.2%
Table 7: Effective perm eability data o f  Core 2
Temperature
°C
DI
(0 ppm)
Salinity 1 
(6467 ppm)
Salinity 2 
(5626 ppm)
23 87.2±4.2% 93.2±4.2% 89.9±4.2%
0 79.9±4.2% 82.5±4.2% 83.7±4.2%
-5 49.5±4.2% 77.3±4.2% 75.6±4.2%
- 1 0 48.1*4.2% 63.6±4.2% 59.7±4.2%
The “true values” of the above experimental results are expected to fall within the 
uncertainty range of ±4.2% calculated for the test results. Uncertainty calculation 
procedure for the experimental data is given in the following section. Detailed 
calculations for effective and relative permeabilities at different temperatures and 
salinities are listed in Appendix A.
Relative permeability values for both cores are plotted against temperature in 
Figure 21.
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Figure 21: Relative perm eability vs. tem perature curves o f Core 1 and Core 2
To reiterate, the “true values” of relative permeability are expected to fall within 
the uncertainty range of ±5.94% of the obtained test results.
5.1.3 Effect of temperature on relative permeability
Table 8  presents the percentage decreases in relative permeability with respect to 
temperature for both of the cores. Because the percentages are derived from the values of 
relative permeability, the values fall with in the uncertainty range of ±5.94%.
Percentage reductions in the relative permeability to oil were calculated for all 
three salinities, taking values from 23°C as the reference point (Table 8 ). All values of 
relative permeability showed continuous reductions from 23 °C to -10°C, although 
detailed analysis of the effect of temperature below 0°C is still required (Figure 21).
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For Core 1, a 40.5% reduction in relative permeability was observed for deionized 
water at -5°C. With a decrease in temperature to -10°C, a 43.2% reduction was observed. 
These trends are shown in Figure 21. Factoring in the uncertainty of ±5.94%, we can say 
that temperature had no significant effect on deionized water in temperature ranges from 
-5°C to -10°C.
The test at salinity 1 (6467 ppm) showed a reduction of 17.8% (±5.94%) at -5°C 
and 33.3% (±5.94%) at -10°C (Table 8  and Figure 21). The test at salinity 2 (5626 ppm) 
showed a reduction of 24.5% (±5.94%) at -5°C and 37.5% (±5.94%) at -10°C (Table 8  
and Figure 21). Unlike the test with deionized water, the test with saline water showed a 
significant reduction in temperature ranges from -5°C to -10°C (Figure 21).
Core 2 showed a trend similar to core 1. From -5°C to -10°C, the reduction was 
just 2 % for deionized water, whereas saline water showed a much higher rate of 
reduction.
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Table 8: Percentage reduction in relative perm eability to oil with drop in tem perature
Core 1
Temperature
°C
DI Salinity 1 Salinity 2
23 - “ -
0 17.1%±5.94%. 3.1%±5.94%. 1.0%±5.94%.
-5 40.5%±5.94%. 17.8%±5.94%. 24.5%±5.94%.
-10 43.2%±5.94%. 33.3%±5.94%. 37.5%±5.94%.
Core 2
23 “ - “
0 8.3%±5.94%. 12.5%±5.94%. 6.9%±5.94%.
-5 43.2%±5.94%. 12.6%±5.94%. 15.9%±5.94%.
-10 44.9%±5.94%. 31.7%±5.94%. 33.6%±5.94%.
5.1.4 Effect of salinity on relative permeability
The effect of salinity on relative permeability to oil is analyzed in two cases. Case 
1 investigates the effect of salinity from 23°C to 0°C, and Case 2 investigates the effect 
of salinity from 0°C to -10°C.
5.1.4.1 Effect of salinity from 23°C to 0°C
For Core 1, a reduction in relative permeability of 17%, with an uncertainty of 
5.94%, was observed for deionized water (Figure 21). For the same temperature range, 
the reduction was observed to be 3% for salinity 1 (6467 ppm) and 1% for salinity 2
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(5626 ppm) (Table 8 ). Even factoring in error bars, reductions in relative permeability for 
deionized water were much larger than those for the saline water. This means that relative 
permeability values of deionized water do not overlap the values of saline water.
Core 2 differs from Core 1 above 0°C, with the trends of all salinities overlapping each 
other. In relative permeability to oil, deionized water showed a reduction of 8.3% 
(±5.94%), salinity 1 (6467 ppm) showed a reduction of 12.5% (±5.94%), and salinity 2 
(5626 ppm) showed a reduction of 6.9% (±5.94%). Factoring in their error bars, these 
three salinities overlap each other.
5.1.4.2 Effect of salinity from 0°C to -10°C
For Core 1 at -10°C, a maximum reduction of 43.2% (±5.94%) was observed for 
deionized water. A minimum reduction of 31% was observed for salinity 1 (6467 ppm) 
(Figure 21). Core 2 showed a reduction of 44.9% for deionized water and a reduction of 
31.7% for salinity 1 (6467 ppm).
5.2 Viscosity changes with temperature
Permeability calculations using Darcy’s law (Equation 6 ) depend on viscosity. 
The effective permeability values of both cores were calculated using the viscosity of the 
oil at the corresponding temperature.
The viscosity of the oil (kerosene) was measured with the assumptions and 
calculations described in the previous chapter. The plot between shear rate and shear 
strain of oil at -10°C is given in the Figure 22. The slope of the straight line indicates the 
viscosity of the fluid. The slope of the graph is 0.0182, which signifies the viscosity of oil 
in SI units (Poise) at -10°C. In this way, the viscosity of oil (kerosene) at 23°C, 0°C, -2°C 
and -5°C was calculated and then plotted (Figure 23).
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In Appendix B, the remaining shear stress vs. shear strain plots of oil are given, 
along with three water samples and their viscosity trends with respect to temperature.
5.3 Estimation of freezing point depression
The freezing point depression is the combined effect of the presence of salts and 
capillary forces. The effect of each parameter is explained in the following sections.
5.3.1 Estimation of depression in freezing point due to salinity
Due to the addition of nine different salts to the pure solvent (water), the final 
solution had a lower freezing point than pure water. The amount of salt added is shown in 
Table 3. The depressions in the freezing points of saline water used for this study were 
calculated using
ATf = Kf • m • i (52)
Where,
ATf = Freezing point depression, °C
Kf = Cryoscopic constant, K-kg/mol
For water, K? = 1.853 K kg/mol.
m = molality (mol solute per kg of solvent)
i = V an't Hoff factor (number of ions per mole of solute)
Using Equation 52,
Depression in freezing point of salinity 01, ATF = -1.92°C.
Depression in freezing point of salinity 02, ATf = -1.71°C.
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5.3.2 Estimation of depression in freezing point due to capillary pressure
Most substances show an increase in their freezing points when pressure is 
increased. On the contrary, water shows the reverse behavior of depression in freezing 
point due to its increase in volume upon freezing. However, the effect of capillary 
pressure on the freezing point is low. Application of 1450 psi of pressure results in a 1°C 
shift in the freezing point (Wolfe, 2010). Equation 3 can be used to calculate the 
depression in the freezing point with various capillary diameters. Table 9 shows the 
depression in freezing point values at each incremental increase in pressure. The 
maximum depression in freezing point was observed to be 0.4°C for an application of 
1372 psi of pressure.
Table 9: Depression in freezing point due to capillary pressure
Pc air-Hg 
Psi
Pore radius 
pm
ATp in 
K or °C
25 3.81 0.007
34 2.76 0 . 0 1
44 2.16 0.013
63 1.52 0.019
70 1.37 0 . 0 2
89 1.07 0.027
223 0.43 0.07
1067 0.09 0.32
1372 0.07 0.41
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5.4 Estimation of pore radius from capillary pressure data
Following the core flooding experiments, a theoretical approach was utilized to 
examine salinity’s effect on reductions in relative permeability when interstitial water is 
frozen. In order to perform the theoretical analysis, calculation of average pore radius of 
the core sample was needed. This calculation served as necessary input data for the 
Kozeny-Carman equation. The radius of the pores of the core sample was calculated 
from the capillary pressure measurement data.
The capillary pressure data for Core 1 is shown in Table 10 and Figure 24. Table 
1 0  shows the values of gas saturation (air in the present case) inside the core sample, the 
capillary pressure values of air-mercury (Pcam), the water-kerosene (Pcwk), and the 
kerosene-air (PCka)- Because the air represents the wetting phase for an air-mercury 
system, all the curves are for the drainage process. Using a procedure similar to that in 
Section 5.1.3, the uncertainty of the following pressure values was found to be ±0.25%.
Table 10: Capillary pressure data for core 1
s g (% ) Pc air-Hg (psia) Pcwk (psia) Pcka (psia)
100 14.7 1.47 0.83
96.349 25 2.5 1.41
93.443 34 3.4 1.91
77.619 44 4.4 2.5
56.37 63 6.3 3.5
51.066 70 7.0 3.9
41.346 89 8.9 5
24.491 223 22.3 12.5
17.4 1067 106.7 60.02
15.63 1372 137.2 77.2
64
65
Capillary Pressure curve for core 1
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Figure 24: Capillary pressure curve for Core 1 for air-m ercury system
The average pore radius can be calculated using the above data. Pores have been 
classified into large, medium, and small pores according to the pressure applied. In detail, 
Figure 25 explains the classification of pores with respect to capillary pressure. When 
low pressures are applied, mercury invades large pores first. Increases in pressure then 
cause mercury to enter into smaller pores. This phenomenon continues until a 
breakthrough pressure is achieved, and mercury enters into the smallest-volume pores. 
Therefore, as the applied pressure increases, the invasion of cumulative volume of non­
wetting phase (mercury) into the pores increases. The lower pressure section of Figure 25 
displays the large pores of the core sample. With increased applied pressure, the relative 
size of the pores decreases, indicating the smaller pore region of Figure 25. The transition 
from larger pores to smaller pores represents the middle portion of the graph.
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Capillary Pressure curve for core 1
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Figure 25: Classification o f relative pore size with respect to capillary pressure
A standard method has been followed in the literature to determine pore size. This 
method consists of the calculation of pore radii at each incremental increase/decrease in 
pressure applied on the system. The number of pores is proportional to the variations in 
mercury injected and the corresponding capillary pressure. The radius of the pores can be 
calculated from Equation 22 
2 aamCOSQamy,   am__________ am
Where,
Cam= surface tension of air-mercury and is taken as 480 dynes/cm (Dandekar, 2006) 
0am= contact angle of mercury against solid and is considered as 140° (Dandekar, 2006) 
Pcam = Applied pressure for air-mercury system.
Figure 26 shows the values of pore aperture radii and pore size distribution.
1 0 0 0 0 r ■... ■ . . r_ --r.-----------  -  -------------
^  1 0 0 0 M Largervs,a.
u PoresCL.
L.3
<8 i o oO■
>>u
JS
Smaller
: qfr ~ ........ .......-- - - ---------------- r" " -
pores
3  1 0 —----- . -........ —."" .... .. .................- ................ 1 ■. . . ...... ............
( 10 20 30 40  50 60  70 80 90  100
25
?
1 20 
U
3 15
>*
u
3
u1 10 
73
c
.£ 5
O
(V
0
Pore size distribution
.  I ■
_ 1 ..■ 1  1 1  .
3.81 2.76 2.16 1.52 1.37 1.07 
P ore ap ertu re  rad ii (pm )
143
1 1 1
0.09 0.07
67
Figure 26: Pore size distribution with error bars for Core 1
The average radius of the pores is considered to be an average pore radius of the 
core sample. Since pores are occupied by different fractions of volume of mercury, the 
average is calculated using a volume weighted average method. The volumes of mercury 
occupied by pore sizes ri (0.07pm) to xg (3.81pm) are, respectively, Vi to V9 . The 
average pore radius is calculated as
(53)
Using Equation 53, the average pore radius was calculated to be 1.35 pm ± 0.004
pm.
However, Figure 26 certainly shows a bimodal distribution or a distribution with 
two distinct modes (Figure 27). The red distribution represents relatively larger pores 
compared to the blue distribution of Figure 27. Therefore, calculation of the average pore 
radius of two individual populations is necessary to understand the effect of pore 
structure on relative permeability to oil. The average size of the larger pores (red
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population of Figure 27) calculated from the volumetric weighted average is 
1.95 pm ± 0.004 pm and the average size of the smaller pores (blue population of 
Figure 27) calculated from the volumetric weighted average is 0.63 pm ± 0.004 pm.
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Figure 27: Bim odal distribution o f pore sizes for Core 1
5.5 Theoretical approach
An alternative form of Kozeny-Carman equation was used to calculate the radius 
of ice formed within the pore. Several assumptions were followed as described in 
Chapter 4.
The KC equation before freezing of interstitial water was given by Equation 43. 
The KC equation after freezing of interstitial water was given by Equation 49.
Several calculations were made to determine the radii of ice formed within the 
center of the pore (Appendix C). From the mercury pycnometer experiment, the average
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radius of pore (b) was calculated as 1.35 pm (Figure 26). The effective permeability 
values from the special core analysis were also used as inputs in the equation. The results 
for the radius of ice kernel formed upon freezing of interstitial water of different salinities 
at -10°C are listed in Table 11.
Table 11: Radius o f ice formed within the center o f the pore o f Core 1 to corresponding salinity
(b = 1.35 pm)
Salinity (ppm)
Radius of ice kernel formed within the 
center of the pore (pm)
0 0.145 ±0.004 pm
5626 0.098 ± 0.004 pm
6467 0.069 ± 0.004 pm
As observed in Table 11, the size of ice formed within the center of the pore 
decreased as salinity increased in the water sample. At 6467 ppm salinity, a 50% 
reduction was observed in the size of the ice kernel that formed within the center of the 
pore as compared to the one in deionized water.
Table 11 represents the radius of the ice formed in the center o f the pore 
considering all the pores have same radius of 1.35 pm. However, the two populations of 
Figure 27 shows two distinct sizes of pores. Therefore, radius of ice formed in the center 
of the pore is also calculated for both populations (red and blue populations of Figure 27) 
and are tabulated (Table 12 and Table 13).
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Table 12: Radius o f ice form ed within the center o f the pore o f Core 1 to corresponding salinity
(red population and b = 1.95 pm)
Salinity (ppm)
Radius of ice kernel formed within the 
center of the pore (pm)
0 0.21 ±0.004 pm
5626 0.1 ±0.004 pm
6467 0.142 ±0.004 pm
Table 13: Radius o f ice formed within the center o f  the pore o f Core 1 to corresponding salinity
(blue population and b = 0.63 pm)
Salinity (ppm)
Radius of ice kernel formed within the 
center of the pore (pm)
0 0.068± 0.004 pm
5626 0.032± 0.004 pm
6467 0.046± 0.004 pm
Effects of these distinct pore sizes on relative permeability to oil are discussed in 
section 6 .2 .2 .3.
5.6 Results of production mechanism
Because the freezing of interstitial water is one reason for reductions in 
productivity when producing from frozen reservoirs, investigation into a better 
production mechanism is needed. In order to achieve maximum recovery in the field, 
different fluids for flooding were tested. Deionized water, saline water, and antifreeze
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(60% ethylene glycol (EG) + 40% water) were used as injection fluids for the core 
sample.
As presented in Table 4, the total pore volume of Core 1 is 30.25 CC, with 53.7% 
connate water saturation. Therefore, the volume of oil in the pores is 14 CC. Core 2 has 
16 CC of oil in its pores. For each fluid tested, recovery factors were calculated based on 
the amount of oil recovered with respect to total oil saturation of the pore volume. Table 
14 and Table 15 show the results of the recovery of oil, with corresponding flooding fluid 
for Core 1 and Core 2, respectively. The error in measuring the oil volume collected was 
0.1 CC, which was the standard error for the cylinder that collected produced oil.
Table 14: Recovery o f oil (CC) for Core 1
Flooding
fluid
Temperature
23°C 0°C -5°C -10°C
Recovery
factor
Recovery
factor
Recovery
factor
Recovery
factor
Deionized
water
0.78 No
Production
No
Production
No
Production
Saline
water
(6467
ppm)
0.78 0.57 No
Production
No
Production
Antifreeze 
(60% EG 
+40% 
water)
Experiments 
were not 
conducted
0.67 0.57 0.5
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Table 15: Recovery o f oil (CC) for Core 2
Flooding
fluid
Temperature
23°C 0°C -5°C -10°C
Recovery
factor
Recovery
factor
Recovery
factor
Recovery
factor
Deionized
water
0.62 No
Production
No
Production
No
Production
Saline
water
(6467
ppm)
0.62 0.5 No
Production
No
Production
Antifreeze 
(60% EG 
+40% 
water)
Experiments 
were not 
conducted
0.62 0.5 0.31
Discussion of effect of temperature, salinity on relative permeability trends and 
determination for the best production techniques are detailed in Chapter 6 .
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Chapter 6 Discussion 
6.1 Routine core analysis
Irreducible water saturation of more than 50% was observed due to the unstable 
displacement characteristic of kerosene. The kerosene used in the experiment had low 
viscosity at room temperature (Figure 23), too low to adequately push the water out of the 
core sample. Thus, the irreducible water saturation showed a higher value than it 
normally would.
6.2 Relative permeability measurements
Figure 21 shows the relative permeability to oil behavior with respect to 
temperature and salinity. Irrespective of salinity, the results of special core analysis show 
reductions in relative permeability to oil as the temperature shifts from 23 °C to -10°C. 
The relative permeability behavior can be discussed in terms of above zero and below 
zero behavior.
6.2.1 Relative permeability to oil above 0°C
Figure 21 illustrates that, regardless of salinity, the relative permeability to oil 
decreases with temperature from 23°C to 0°C. The possible reasons for this reduction 
could be the changes in viscosity of oil (kerosene for this study) and interfacial tension 
(IFT). Both viscosity and IFT increase as the temperature drops. Therefore, reductions in 
relative permeability can be attributed to increases in viscosity and IFT. However, the 
effect of viscosity is already accounted by the values of increased viscosity in Darcy’s 
equation used to calculate relative permeability. The main parameter is the IFT, which
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could be the reason for reductions above 0°C. As the IFT increases, the water and oil 
phases become less mobile, resulting in poor values of relative permeability to oil.
As discussed in Chapter 5 (Section 5.1.5), another anomalous behavior that needs 
to be addressed is the relative permeability values of the deionized water of Core 1 
(Figure 21). The reason for divergence of the curve of deionized water with the values of 
saline water can be explained by core’s irreducible water saturations. Table 5 shows the 
values of connate water saturations of different salinities. For Core 1, Swi of saline water 
is 50.7%, whereas Swi of pure water is 53.7%, which indicates the increased mobility of 
oil phase in the case of saline water. Thus, the relative permeability to oil values for 
saline water were more than those for deionized water. Therefore, relative permeability 
values in case of deionized water did not overlap with the relative permeability values for 
saline water (unlike Core 2). Core 2 has the same connate water saturations for all 
salinities.
6.2.2 Relative permeability to oil below 0°C
Experimental data indicate that the relative permeability to oil decreases with 
decreasing temperature (Figure 24), particularly below 0°C. The cause for this reduction 
in relative permeability could be a function of parameters other than just temperature. 
The first parameter that could cause a reduction is an increase in viscosity with decrease 
in temperature. However, the value of increased viscosity due to drop in temperature is 
added to the Darcy’s Equation when calculating relative permeability to oil. 
Consequently, the effect of viscosity on reductions in relative permeability is nullified.
Other parameters that could affect relative permeability, particularly in frozen 
reservoirs, are fluid saturations, formation water salinity, capillary pressure, and pore 
structure. These parameters will be discussed individually in the following sections.
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6.2.2.1 Effect of water saturation
The first parameter that could alter relative permeability to oil directly is fluid 
saturation. Relative permeability is a direct function of saturation. If the wetting phase 
(water) saturation increases (imbibitions), relative permeability of that phase increases as 
well, and relative permeability of the non-wetting phase (oil) decreases. In this study, 
relative permeability measurements were carried out at irreducible water saturations for 
all of the temperatures. Other investigators (Raymond, 1979; Narahara et al., 1993) have 
stated in the literature that water saturation has no effect on water-oil relative 
permeabilities as long as the water is immobile. However, water saturation did affect the 
relative permeability in a frozen reservoir, though the measurements were carried out at 
irreducible water saturation.
Saturation is a direct function of volume of that phase. As water freezes, its 
volume increases by 10 percent. The volume o f the ice phase determines the increase or 
decrease in relative permeability to oil.
Frozen water does not continue to deform under the application of shear stress, 
which is an essential fluid property. Therefore, frozen water (i.e., ice) is considered as a 
separate solid phase. Ice within the pores results in reduced pore volume eventually 
increasing the water saturation. Since water saturation would increase due to the increase 
in volume of pore space occupied by water, the non-wetting phase saturation (oil) 
decreases. However, relative permeability to oil would increase due to the overall 
decrease in pore volume.
6.2.2.2 Effect of salinity and capillary pressure
Three different salinities were used for core flooding experiments (Figure 24). 
Pure water freezes at 0°C. The presence of salts and capillary pressures alter this freezing 
point, most often decreasing it. The higher the salinity, the lower the freezing point. 
Capillary forces that exist in pores further decrease the freezing point of saline waters.
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Maximum depression in the freezing point due to capillary forces is observed to be 0.4°C 
(Section 5.3.2). The combination of these two effects, salinity and capillary forces, results 
in the existence of unfrozen water in pores and pore throats even when temperatures are 
well below °C. Theoretical analysis promises to advance understanding of the effect of 
freezing of interstitial water on relative permeability to oil.
From Table 11, it is evident that water with 6,467 ppm salinity has less frozen 
water in the pore space than does deionized water. Hence, pores saturated with saline 
water possess higher quantities of unfrozen water compared to pores saturated with 
deionized water. This is due to the depression of the freezing point of water caused by the 
presence of salts and capillary forces. Ice resides in the pore space and in the pore throats 
and acts like a solid boundary, which results in obstruction of flow by narrowing the net 
flow path. The scale of obstruction is more if the connate water is less concentrated with 
salts. As the salinity of formation water increases, it provides greater passage for the flow 
of fluids through the reservoir’s pore network. Therefore, salinity of the formation water 
is also one of the reasons for reductions in relative permeability to oil below 0°C.
In this study, water with 6467 ppm salinity has a higher freezing point depression 
than does water of 5626 or 0 ppm salinity. The freezing point of 6467 ppm salt water was 
calculated to be -1.92°C. The freezing point of water with 5626 ppm salinity was - 
1.71°C. Further maximum depression in the freezing point due to capillary pressure was 
0.41°C (Section 5.3.2). As a result, theoretically (considering algebraic sum), a rock 
saturated with water should be totally frozen between -2.3°C for 6467 ppm salinity and 
-2.1°C for 5626 ppm salinity. The maximum reductions in relative permeability should 
be observed at those temperatures for the respective salinities, but in contrast, we 
observed continuity in reductions even below the freezing temperatures (Figure 21). This 
phenomenon indicates the presence of unfrozen water even below the freezing point of 
the in situ water. A possible reason for this could be that water freezes first at the center 
of the pore, expelling salts that may exist in the pore water. This causes unfrozen water 
closer to the particle surfaces to have a higher concentration of salts than previously
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existed and a lower freezing point. Consequently, the entire pore water doesn’t 
necessarily freeze, leaving certain quantities of unfrozen water.
6.2.2.3 Effect of pore structure
In general, rocks with large pores have low irreducible water saturations and 
therefore a relatively large amount of pore space available for the flow of fluids. This 
condition allows high relative permeability end points to exist. Correspondingly, rocks 
with small pores have high irreducible water saturations that leave little room for the flow 
of hydrocarbons. This condition creates low values of oil relative permeability.
The outer concentric circle represents size of the pore and the inner concentric 
circle o f Figure 28 represents the size of the ice. Table 11 represents a model that is 
represented in Figure 28 A. In this model, all the pore sizes are equal and the size of the 
ice formed in the center of the pore solely depends on its salinity (Figure 28 A). 
However, pores of the Core 1 are actually represented by two distinct sizes (Figure 27) 
and, according to theoretical calculations, would result in the distribution of ice kernels as 
shown in Figure 28 B. This variation in pore sizes within the reservoir rock would 
certainly influence the relative permeability to oil.
In a frozen reservoir, larger pores are occupied by ice, leaving only a narrow path 
for the flow of fluids. Early freezing of water in larger pores is mostly due to lower 
values of capillary pressure (Figure 28 B). This results in lower values of relative 
permeability. Smaller pores tend to be ice free due to their higher capillary pressures. 
Moreover, pore throats are certainly smaller in size compared to the average pore size 
obtained from capillary measurements. These pore throats are also occupied by unfrozen 
water. Consequently, the relative permeabilities obtained are of a lower magnitude.
As seen from Figure 28 B, large pores o f Core 1 are more likely to contain ice as 
compared to small pores. This is due to the lower capillary pressures in the larger pores. 
Ice in the larger pores tends to obstruct the flow of fluids. In contrast, smaller pores are
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occupied by less ice (or perhaps no ice) due to extremely higher values of capillary 
pressure.
Figure 28: Schem atic o f different sizes o f pores and their respective sizes
o f ice formed at the center A) Size o f ice formed in the pores o f equal size B) Size of the ice formed in
the pores of different sizes.
6.2.2.4 Summary
Though the changes in fluid saturation purely due to the presence of ice, should 
result in an increase in relative permeability to oil (Section 6.2.2.1), the combined 
additional influence of salinity and capillary pressure (Section 6 .2.2.3), and the pore 
structure (Section 6 .2.2.3) would result in overall reduction in relative permeability to oil.
In summary, a number of factors influence the relative permeability to oil in a 
frozen reservoir: water saturation, salinity, capillary pressures, and pore sizes. All factors 
must be considered when analyzing the oil relative permeabilities of a frozen reservoir.
6.3 Production mechanism
The Umiat reservoir is located in shallow depths of 275 ft to 1,100 ft and has very 
low reservoir pressure o f 50 psi to 350 psi (Baptist, 1960). The Umiat reservoir is an 
under saturated reservoir with no aquifer support. Literature states that the pressure
A B
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support for primary production was supplemented by solution gas drive mechanisms 
(Watt et al., 2010). However, this might not be the sole reason for primary production. 
Recovery factors of 29% to 45% (Baptist, 1960) could not be achieved solely by 
expansion of small amount of gas in the solution. According to the critical observations 
of this study, external pressure support such as gas injection or water flooding is 
mandatory to produce from the low pressure reservoir. A lack of aquifer support and poor 
pressure support of the reservoir make the search for a best production mechanism 
necessary.
Secondary recovery techniques are required to optimize field development and 
production from low-pressure frozen reservoirs. One assumes that keeping the formation 
cold and stable would result in higher recoveries than to thaw and refreeze the formation 
through water injection. Based on this assumption, cold gas injection has been suggested 
by the U.S. Bureau of Mines as a secondary recovery mechanism in frozen reservoirs.
The common belief is that water injected into the formation tends to freeze and 
block the formation from further injection. Similarly, either gas or water injected above 
reservoir temperatures (hot injection gas or water) tends to thaw then refreeze interstitial 
water, which results in blockage of pores. Therefore, cold gas injection can be considered 
for secondary recovery mechanism. Moreover, the abundance of gas on the North Slope 
also supports the idea of cold gas injection.
One of the challenges of a frozen formation is that its ice resides in the center of 
pores. Minimizing the blockage of pores due to freezing of in situ water may resolve the 
problem of poor recovery, as stated by Baptist (1960). One aspect of the present study 
focused on production techniques using fluids other than cold gas. Fluids like deionized 
water, saline water (6456 ppm), and antifreeze (60% ethylene glycol or propylene glycol 
+ 40% water) were used as flooding fluids for secondary recovery.
The performance of these flooding fluids and recovery factors are shown in Table 
14 and Table 15. No production was observed in the case o f deionized water for Core 1 
and Core 2 at temperatures below 0°C. This is solely because of freezing of the interstitial 
water. The idea of melting the existing in situ ice and keeping the formation fluids
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unfrozen might result in good recoveries. Consequently, saline water was tested as a 
flooding fluid. Adding salts decreases the freezing temperature. The melting point of the 
ice, however, is unchanged by the presence of these foreign materials, so melting occurs 
at a higher temperature than freezing. When saline water was tested as a flooding fluid, 
57% of oil was recovered at 0°C. This was due to the higher temperature brine melting 
the ice existing within the pores. When ice melts, a larger space becomes available for the 
flow of fluids. In addition, unlike deionized water, saline water does not freeze while 
flowing within the interstices of the reservoir. The higher viscosity value of this saline 
water as compared to deionized water at 0°C could be useful in better recovery of oil.
Depending on its salinity, saline water helps to keep interstitial water unfrozen 
until a certain temperature. This suggest saline water as an injection fluid for frozen 
reservoirs that have subsurface temperatures near 0°C. However, what is an appropriate 
flooding fluid for frozen reservoirs that have temperatures much lower than 0°C?
Further increase in the salinity concentration of salinity might be the answer. 
However, the selected concentration and components of the saline water must be a close 
match with the formation-water salinity. Otherwise, this might cause an exchange of ions 
between the formation and injection saline water and result in a zone of low or zero 
salinity. This could result in blockage of pores due to interstitial water freezing 
(Weatherford laboratories)
Flooding with antifreeze is another option. From Tables 14 and 15, it is clear that 
when antifreeze was used as a flooding fluid, the reservoir produced, even at 
temperatures significantly lower than 0°C. At -10°C, we can see recovery rates of 50% 
and 31%, using 60% ethylene glycol + 40% water, respectively for Core 1 and Core 2 
(Table 14 and Table 15). 60% propylene glycol/40% water is another antifreeze that 
could be used for flooding, but was not tested in these experiments.
Similar to saline water, these fluids melt the existing ice within the interstices and 
also keep the fluids unfrozen throughout the flooding process. These fluids provide a 
freer channel for the flow of fluids through the pores and pore throats by melting the 
frozen interstitial water. Water will not refreeze while these fluids reside in the formation.
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These two fluids (60% ethylene glycol or propylene glycol and 40% water) are 
relatively cheap at $0.50-$0.90/lb (www.icis.com). They also possess a lowest freezing 
point of -54°C and can be considered best for flooding techniques.
The viscosity o f these fluids is a major factor in determining the best production 
strategy. Viscosity profiles with respect to temperature of the ethylene mixture and 
propylene mixtures are shown in Figure 29.
The propylene glycol mixture showed a higher value of viscosity at low 
temperatures than the ethylene glycol mixture. Higher viscosity of propylene glycol 
mixture results in better flooding capability than does the ethylene glycol mixture. 
However, high-powered machinery certainly would be required to pump the propylene 
glycol mixture into the formation. On the other hand, the viscosity of ethylene glycol may 
be low enough to pump in a more cost-effective way. Disregarding pumping costs, the 
low cost of these mixtures and their ability to replace oil even at -10°C, make them better 
flooding fluids that should be considered as best production strategy for frozen reservoirs.
Baptist (1960) showed a recovery of 20% to 34% at -3°C using gas drive as a 
recovery technique (Table 2). These figures are for the core samples that had 
permeabilities greater than 100 md. The present study of production mechanisms showed 
nearly 50% recovery using saline water, and 60% recovery using antifreeze (60% 
ethylene glycol+40% water) at -5°C for both cores. Additional production is also 
observed at -10°C with a recovery factor of 50% for Core 1 and 30% for Core 2. The 
main aim of these production strategy experiments was to explore the use of water 
injection, in the hope of using saline water as a flooding fluid (depending on formation 
temperature). Saline water could possibly melt the frozen interstitial water and provide 
higher recovery factors than those o f cold gas injection. Thus, it is advisable to invest in 
saline water injection if the produced oil through water injection generates more revenue 
than cold gas injection. However, the selection of a liquid for water injection is 
determined by ever-changing petroleum production economics.
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Chapter 7 Conclusions and Recommendations
The main aims of this study were to investigate the reasons for reduction in 
relative permeability to oil in a frozen reservoir rock and to propose a possible production 
mechanism. Core flooding experiments were performed on two clean Berea sandstone 
samples to examine the behavior of relative permeability with respect to temperatures 
23°C, 0°C, -5°C, and -10°C and salinities of 0 ppm, 6467 ppm, 5626 ppm. Several fluids 
were tested as potential flooding fluids for the core sample at permafrost conditions.
7.1 Conclusions
Continuous reduction in relative permeability was observed for both cores with 
reduction in temperature from 23°C to -10°C for all three salinities. As the temperature 
was decreased to -10°C, Core 1 showed maximum reduction of 43.2% in relative 
permeability to oil when saturated with deionized water and showed a minimum 
reduction of 33.3% when saturated with 6467 ppm of saline water. Core 2 showed 
maximum reduction of 43.2% relative permeability to oil when saturated with deionized 
water and showed a minimum reduction of 31.7% when saturated with 6467 ppm of 
saline water.
Theoretically, the radius of ice formed in the center of the pore can be determined 
using a Kozeny-Carman equation and pore sizes derived from mercury capillary pressure 
experiments. In the Berea sandstone samples used in this study, the size of ice kernels 
residing in the center of pores decreased with increasing salinity. At -10°C, the radius of 
ice dropped from 0.145 pm to 0.069 pm when flooding water salinity was increased to 
6467 ppm. This result was consistent with experimental results, where higher salinities of 
in situ water resulted in lower reductions in relative permeability when the samples were 
frozen.
This study suggests that a variety of factors influence the relative permeability to 
oil in frozen reservoirs, including changes in water saturation due to freezing of
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interstitial water, depression in freezing point due to formation salinity and capillary 
pressure, and different pore sizes of the host rock.
Fluids like deionized water, saline water, and antifreeze (a mixture of 60% 
ethylene or propylene glycol with 40% water) were tested to find the best flooding agent 
for frozen reservoirs. At 0°C, 9% greater recovery was observed with antifreeze than with 
saline water. Antifreeze showed 48% total recovery even at -10°C, at which temperature 
the rest of the fluids (deionized water and saline water) failed to increase production. In 
this study, a mixture of 60% ethylene glycol (or propylene glycol) and 40% water was 
found to be the best flooding fluid.
7.2 Recommendations
• NMR experiments are strongly recommended to further investigate the structural 
placement of ice within the pores and for accurate estimation of unfrozen water 
content of reservoirs under freezing conditions.
• Even though the effects of the freezing of interstitial water on relative 
permeability are examined here, the effect of interfacial tension on relative 
permeability due to decrease in temperature needs to be addressed.
• Pore scale modeling of a frozen reservoir rock could be an efficient addition to 
this experimental work and would improve our understanding of the fundamental 
flow behavior within a frozen reservoir rock and help in the prediction of 
properties like relative permeability and capillary pressure.
• A detailed simulation study of fluid behaviors and fluid-ice interactions of frozen 
reservoirs using software like COMSOL would be useful.
• Investigation of solutes that could possibly reduce the interfacial tension between 
the fluids of the frozen reservoir is necessary. Adding these solutes to the 
injection fluids would possibly increase production.
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• Flooding with different saline waters of a wider range in composition and 
concentration would probably result in better recovery than that detailed in the 
study.
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Appendix A
Permeability calculations were made using Darcy’s Law (Equation 6 ).
kAAP
A .l Calculations for Core 1:
Area of the Core sample = A = 10.471 cm2 
Volumetric flow rate of the fluid = Q = 0.05 cc/sec 
Length of the sample = L = 15.24 cm
A.1.1 Absolute Permeability:
Viscosity of the water at room temperature = p = 1.0002 cp 
Pressure differential across the core = AP = 0.8 psi 
Substituting all the respective values into Equation 6  
Absolute permeability of Core 1 = 134.17md
A.1.2 Effective permeability of oil (core is saturated with Deionized water) 
At 23°C:
Viscosity of oil at room temperature = p = 1.04 cp 
Pressure differential across the core = AP = 0.14psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 81.1863md
At 0°C:
Viscosity of oil at room temperature = p = 1.54 cp 
Pressure differential across the core = AP = 0.24psi
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At -5°C:
Viscosity of oil at room temperature = p = 1.63 cp 
Pressure differential across the core = AP = 0.36psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 48.33 lm d
At -10°C:
Viscosity of oil at room temperature = p -  1.82 cp 
Pressure differential across the core = AP = 0.42psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 46.136md
A.1.3 Effective permeability of oil (core is saturated with Salinity 1) 
At 23°C:
Viscosity of oil at room temperature = p = 1.04 cp 
Pressure differential across the core = AP = 0.12psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 90.49md
At 0°C:
Viscosity of oil at room temperature = p = 1.54 cp 
Pressure differential across the core = AP = 0.19psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 87.644md
Substituting all the respective values into Equation 6
Effective permeability of oil = 67.28md
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At -5°C:
Viscosity of oil at room temperature = p = 1.63 cp 
Pressure differential across the core = AP = 0.23psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 74.3802md
A t-10°C:
Viscosity of oil at room temperature = p = 1.82cp 
Pressure differential across the core = AP = 0.32psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 60.33md
A.1.4 Effective permeability of oil (core is saturated with Salinity 2) 
At 23°C:
Viscosity of oil at room temperature = p = 1.04 cp 
Pressure differential across the core = AP = 0.13psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 88.14md
At 0°C:
Viscosity of oil at room temperature = p = 1.54 cp 
Pressure differential across the core = AP = 0.19psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 87.236md
At -5°C:
Viscosity of oil at room temperature = p = 1.63 cp 
Pressure differential across the core = AP = 0.26psi
93
At -10°C:
Viscosity of oil at room temperature = p = 1.82cp 
Pressure differential across the core = AP = 0.35psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 55.08 lmd
A.2 Calculations for Core 2:
Area o f the Core sample = A = 10.471 cm 
Volumetric flow rate of the fluid = Q = 0.005 cc/min 
Length of the sample = L = 15.24 cm
A.2.1 Absolute Permeability:
kAAP
Q =  —  ( 8 )juL
Viscosity of the water at room temperature = p = 1.0002 cp 
Pressure differential across the core = AP = 0.7 psi 
Substituting all the respective values into Equation 6  
Absolute permeability of Core 2 = 153.342 md
A.2.2 Effective permeability of oil (core is saturated with Deionized water) 
At23°C:
Viscosity of oil at room temperature = p = 1.04 cp 
Pressure differential across the core = AP = 0.13psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 87.2 md
Substituting all the respective values into Equation 6
Effective permeability of oil = 66.5079md
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At 0°C:
Viscosity of oil at room temperature = p = 1.54 cp 
Pressure differential across the core = AP = 0.2lpsi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 79.8815md
At -5°C:
Viscosity of oil at room temperature = p = 1.63 cp 
Pressure differential across the Core = AP = 0.35psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 49.5md
At -10°C:
Viscosity of oil at room temperature = p = 1.82 cp 
Pressure differential across the core = AP = 0.4psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 48.04md
A.2.3 Effective permeability of oil (core is saturated with Salinity 1) 
At23°C:
Viscosity of oil at room temperature = p = 1.04 cp 
Pressure differential across the core = AP = 0.12psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 93.169md
At 0°C:
Viscosity of oil at room temperature = p = 1.54 cp 
Pressure differential across the core = AP = 0.2psi
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At -5°C:
Viscosity of oil at room temperature = p = 1.63 cp 
Pressure differential across the core = AP = 0.23psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil 2 = 77.26md
At -10°C:
Viscosity of oil at room temperature = p = 1,82cp 
Pressure differential across the core = AP = 0.31 psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 63.59 md
A.2.4 Effective permeability of oil (core is saturated with Salinity 2) 
At 23°C:
Viscosity of oil at room temperature = p = 1.04 cp 
Pressure differential across the core = AP = 0.12psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 89.9106md
At 0°C:
Viscosity of oil at room temperature = p = 1.54 cp 
Pressure differential across the core = AP = 0.2psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 83.692 md
Substituting all the respective values into Equation 6
Effective permeability of oil = 82.5md
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At -5°C:
Viscosity of oil at room temperature = p = 1.63 cp 
Pressure differential across the core = AP = 0.23psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 75.60 md
At -10°C:
Viscosity of oil at room temperature = p = 1.82cp 
Pressure differential across the core = AP = 0.33 psi 
Substituting all the respective values into Equation 6  
Effective permeability of oil = 59.73 m
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Appendix B
Shear stress (d/cm2) vs shear strain (1/sec) values were plotted at each temperature from 
23°C to -10°C. The slope of the straight line obtained from that respective graph gives 
the viscosity of the fluid at that particular temperature. Values of viscosity at different 
temperatures were plotted and are shown in this section. Figure B.l shows the viscosity 
trend with respect to temperature until -5°C. Viscosity measurements failed for water 
samples at -10°C due to freezing.
Figure B .l: V iscosity vs Tem perature profile for Salinity 1
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Figure B.2: Graph between viscosity and tem perature for kerosene
Figure B.3: V iscosity vs. tem perature profile for a mixture o f 60% ethylene glycol and 40%  water
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Figure B.4: Viscosity vs tem perature profile for a m ixture o f 60% propylene glycol and 40%  water
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Appendix C
Volumetric average radius of the pore (b) from capillary measurements was calculated as 
1.60pm. This value was used in alternative Kozeny-Carman Equation for the calculation 
of radius of ice kernel that is formed at the center of the pore. Alternative KC Equation 
was siven as
Calculation of ‘a’ for DI water at -10°C:
From Section 4.1, Assumption 2 implies that
( — j b 2) = 81.1863 md; b = 1.35 pm; k= 46.136 md at-10°C. 
8 r
Snhstitntinp the above values in Eauation 41
By solving the above Equation using Microsoft Excel, radius of ice formed (a) at -10°C 
was calculated as 0.145 pm.
Calculation of ‘a’ for Salinity 2at -10°C:
= 88.14 md; b = 1.35 pm; k= 55.081 m dat-10°C .
8 r
Substituting the above values in Equation 41
By solving the above Equation using Microsoft Excel, radius of ice formed (a) at -10°C 
was calculated as 0.098 pm.
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By solving the above Equation using Microsoft Excel, radius of ice formed (a) at -10°C 
was calculated as 0.069 gm.
